Background: Biomechanical studies have shown that dynamic stabilization restores the neutral zone and stabilizes the motion segment. Unfortunately, there are limitations to clinical measurement of lumbar motion segments when using routine radiographs. Radiostereometric analysis is a 3-dimensional technique and can measure the spinal motion segment more accurately than techniques using plain film radiographs. The purpose of this study was measure and compare the range of motion after dynamic stabilization, posterior lumbar fusion (PLF), and lumbar discectomy. Methods: Four patients who underwent lumbar decompression and dynamic stabilization (Dynesys; Zimmer Spine, Inc., Warsaw, Indiana) for treatment of lumbar spondylosis were compared with 4 patients with a similar diagnosis who were treated by PLF and pedicle screw fixation (PLF group) and 8 patients who had undergone lumbar microdiscectomy (discectomy group) for treatment of radiculopathy. During the surgical procedure, 3 to 5 tantalum beads were placed into each of the operative segments. The patients were followed up postoperatively at 1 month, 1 year, and 2 years. At each follow-up time point, segmental motions (flexion, extension, and total sagittal range of motion [SROM]) were measured by radiostereometric analysis. Results: Flexion, extension, and SROM measured 1.0°Ϯ 0.9°, 1.5°Ϯ 1.3°, and 2.3°Ϯ 1.2°, respectively, in the Dynesys group; 1.0°Ϯ 0.6°, 1.1°Ϯ 0.9°, and 1.5°Ϯ 0.6°, respectively, in the PLF group; and 2.9°Ϯ 2.4°, 2.3°Ϯ 1.5°, and 4.7°Ϯ 2.2°, respectively, in the discectomy group. No significant difference in motion was seen between the Dynesys and PLF groups or between the Dynesys and discectomy groups in extension. Significant differences in motions were seen between the PLF and discectomy groups and between the Dynesys and discectomy groups in flexion (P ϭ .007) and SROM (P ϭ .002). There was no significant change in the measured motions over time. Conclusions: In this study a significantly lower amount of motion was seen after dynamic stabilization and PLF when compared with discectomy. A future study with a larger cohort is necessary to examine what effect, if any, these motions have on clinical outcomes.
Advances in fusion techniques have increased the fusion rates in the lumbar spine. [1] [2] [3] [4] [5] [6] This increase in fusion rates has not resulted in an equivalent improvement in successful clinical outcomes. Fusion rates have been reported to be as high as 100% with some techniques. 1, 4, 5 The clinical success rate, on the other hand, is significantly lower and can range from 60% to 80%. 1,4 -6 Recent literature has criticized lumbar fusion when used to treat lumbar degenerative disc disease. [7] [8] [9] [10] [11] This criticism is based on the efficacy of lumbar fusion when treating low-back pain and on the developing adjacent-segment disease.
Lumbar spine dynamic stabilization systems have been developed as an alternative to lumbar fusion. These devices will theoretically allow motion in the instrumented surgical segments and achieve lumbar stability without bone graft-ing. Although the clinical outcomes have been variable in the literature, in vitro studies have shown dynamic stabilization to restore the neutral zone of the injured spine to a magnitude less than that of the intact spine. 12 Posterior dynamic stabilization is based on the premise that the devices can restore functional stability while maintaining some or all of the intersegmental motion. By allowing motion, these devices are intended to reduce or eliminate the incidence of adjacent-segment degeneration. 13 The Dynesys system (Zimmer Spine, Inc., Warsaw, IN) was designed with the intention to neutralize abnormal forces and restore painless function to the spinal segments while protecting adjacent segments. In elderly patients with spinal stenosis and degenerative spondylolisthesis, the Dynesys system has shown favorable clinical and radiologic results. 7, 10, 14, 15 However, few studies have evaluated the kinematics of dynamic stabilization with the Dynesys system in vivo. Radiostereometric analysis (RSA) is an accurate in vivo measurement technique and has been used to examine spinal kinematics in 3 dimensions. 16, 17 The purpose of this study was to examine the in vivo kinematics of a dynamically stabilized segment over time in comparison with the other common posterior lumbar procedures, such as posterior lumbar fusion (PLF) and lumbar discectomy using RSA. We hypothesized that the postoperative sagittal kinematics of a dynamically stabilized motion segment was different from a postdiscectomy segment and a rigidly instrumented segment.
Methods

Patient selection
This study enrolled 4 patients (2 men and 2 women; mean age, 63.5 Ϯ 11.3 years) with lumbar spondylosis with or without instability to undergo dynamic stabilization with the Dynesys system and decompression at L3-4, L4-5, and/or L5-S1 (dynamic stabilization group). Another 4 patients (2 men and 2 women; mean age, 64.8 Ϯ 8.3 years) with the same diagnostic criteria were enrolled to undergo PLF and pedicle screw fixation with decompression at L2-3, L3-4, and/or L4-5 (PLF group). Finally, 8 patients (4 men and 4 women; mean age, 40.9 Ϯ 5.7 years) with lumbar disc herniation at either L4-5 or L5-S1 were enrolled to undergo lumbar discectomy (discectomy group). The institutional review board and the radiation safety board approved the study before patient enrollment. In addition, informed consent was obtained from each subject.
Operative procedures
Standard surgical technique was followed in this study population by 3 of the authors. In the discectomy group, a mini-open technique was used. After unilateral exposure of the posterior elements, hemilaminotomy, medial facetectomy, and foraminotomy were performed. The facet capsule was protected in each case. Less than 50% of the facet was resected. The extruded disc material was removed, followed by removal of additional loose nucleus from within the disc. In the PLF and dynamic stabilization groups, wide laminectomy was performed, followed by medial facetectomy and foraminotomy. Less than 50% of the facet was resected on each side. The operated level was instrumented in a routine fashion. The position of the hardware was examined intraoperatively with fluoroscopy.
During the surgical procedure, 3 to 5 tantalum beads (0.8 or 1.0 mm diameter) were implanted into the adjacent vertebrae at the operated levels ( Fig. 1 ). There were three 2-level cases in the PLF group, two 2-level cases in the dynamic stabilization group, and 8 single-level cases in the discectomy group (Table 1) . The bead sizes used were 1.0 mm for the single-level cases and 0.8 and 1.0 mm for the 2-level cases (with the 0.8-mm beads between levels). The beads were implanted into the vertebrae by use of the appropriate insertion tool (RSA Biomedical Innovations AB, Umeå, Sweden). Beads oriented in this manner during a posterior approach have been shown to have an accuracy of less than 0.1 mm and 0.5°for translational and rotational measurements, respectively. 18 
Radiostereometric analysis
The patients were followed up postoperatively at 1-month, 1-year, and 2-year intervals. For the RSA examination, simultaneous biplanar standing radiographic films were collected (Fig. 1) . Each pair of radiographs was obtained with the roentgen tubes at 40°at the level of the lumbar spine. A wall-mounted Plexiglas calibration cage with tantalum beads was placed between the subject and the films (RSA Biomedical Innovations AB). The cage defined the 3-dimensional coordinate system and was used to calculate the position of the roentgen foci and subsequent locations of the beads in each vertebra. The roentgen tubes were 1.6 m from the film, and the beams of both tubes were collimated to the 2 grids on the cage.
At each postoperative follow-up, biplanar radiographs were obtained in the standing neutral position (N) and during forward bending (FB) and backward bending (BB). A standardized protocol for positioning and movements was performed by all subjects and overseen by a single investigator. Subjects were instructed to maximize the motion of the lumbar spine, and each position was performed 3 times before film collection.
Radiation exposure varied for each subject depending on body habitus. The primary objective of the radiographic examination was to identify the tantalum markers; therefore anatomic resolution and contrast were less important than for conventional radiographic skeletal examination. To reduce the radiation dose, at the expense of contrast in the radiograph, exposure was performed using high-voltage techniques (high kilovolt, low ampere). High-speed screens that allow less radiation were also used. A typical exposure technique for the examination in this study was 8 mAs (milliampere-second) at 150 kVp (kilovolt-peak).
The biplanar images were digitized and analyzed by use of UmRSA 6.0 software (RSA Biomedical Innovations AB). The 3-dimensional locations of beads were calculated, and the segmental motions (based on the bead clusters) were calculated for the neutral, flexed, and extended positions. Instability of the tantalum beads between positions and over time points was evaluated with a mean error of rigid body fitting parameter, and any data with an error greater than 0.3 mm were discarded from the analysis. Segmental motions were calculated based on the relative motion of the superior vertebra to the inferior vertebra. Sagittal plane rotation was calculated for flexion (N to FB), extension (N to BB), and sagittal range of motion (SROM) (BB to FB).
Radiographic and clinical evaluations
The clinical radiographs obtained 1 year and 2 years postoperatively were reviewed by multiple observers for the presence of pseudarthrosis or hardware failure. The patients were clinically assessed at the preoperative visit and at each follow-up visit using the visual analog scale (VAS) (range, 0 to 100) for low-back pain and Oswestry Disability Index (ODI) (range, 0 to 100).
Statistical analysis
All statistical tests were performed with SPSS 13.0 for Windows (SPSS Inc., Chicago, Illinois). A 3 (operations: dynamic stabilization, PLF, and discectomy) ϫ 3 (postoperative time points: 1 month, 1 year, and 2 years) analysis of variance was performed for each dependent variable (flexion, extension, and SROM). VAS and ODI scores at each follow-up time point were submitted to 2 different repeatedmeasures analyses of variance in each group. A priori, the ␣ level was set at .05 for all statistical procedures.
Results
We evaluated 16 patients (8 women and 8 men; mean age, 53.4 Ϯ 13.4 years) representing 21 motion segments for this study. Of the 21 treated levels, 6 were treated with the dynamic stabilization system, 7 underwent PLF and instrumentation, and 8 underwent lumbar discectomy. There were no complications regarding the presence of pseudarthrosis or hardware failure in the enrolled subjects at either the 1-or 2-year time point.
In the Dynesys group, the motion of the instrumented segments did not significantly change over the follow-up time points in any direction (flexion, P ϭ .483; extension, P ϭ .329; SROM, P ϭ .471). There was also no significant difference in the range of motion (ROM) of the posterolateral fusion group or the lumbar discectomy group over the follow-up time points. A significant difference was present when we compared the PLF and discectomy groups. The flexion (2.9°Ϯ 2.4°) and SROM (4.7°Ϯ 2.2°) of the discectomy group were significantly greater than those of the PLF group (1.0°Ϯ 0.6°[P ϭ .023] and 1.5°Ϯ 0.6°[ P Ͻ .001], respectively) and dynamic stabilization group (1.0°Ϯ 0.9°[P ϭ .007] and 2.3°Ϯ 1.2°[P ϭ .002], respectively). In extension, the discectomy group (2.3°Ϯ 1.5°) showed significantly greater motion than the PLF group (1.1°Ϯ 0.9°, P ϭ .036); a significant difference was not seen when compared with the Dynesys group (1.7°Ϯ 1.2°, P ϭ .257) ( Table 2 , Fig. 2) .
A significant difference was not shown in the clinical outcomes, VAS (P ϭ .215; power, 0.296) and ODI (P ϭ .457; power, 0.161), among the 3 groups. The VAS and ODI scores were significantly decreased in each group after the surgical procedure and were maintained over the follow-up period (Table 3) . Revision of the surgical procedure was not performed in any of the groups.
Discussion
The spine is subjected to a combination of forces and moments originating from muscles and external loads with unknown magnitudes. Although in vitro biomechanical evaluation of an instrumentation system is essential, the result may not represent the in vivo environment. Therefore it is crucial to analyze the biomechanical properties in vivo. Cakir et al. 19 reported 4.1°of SROM for the index level of Dynesys stabilization using the Cobb technique at their final follow-up (mean, 37.5 months) and did not find any difference when compared with the preoperative films. Kim et al. 10 reported 3.9°of SROM for the Dynesys-stabilized segment at their final follow-up (mean, 29 months); however, this was significantly decreased (69.5% reduction) from the preoperative radiographs. In our study there was 2.3°of SROM with dynamic stabilization over the 24-month follow-up. The most likely explanation for the discrepancy between the data of Cakir et al. or Kim et al. and the current study is the greater error of measurement present when using the Cobb technique in comparison with the RSA technique.
The segmental motions after dynamic lumbar stabilization were significantly smaller than those of lumbar discectomy and were slightly greater than those of the fusion group. Dynamic stabilization resulted in 2.3°of SROM, representing a 51% reduction with significance compared with the discectomy group. In addition, Dynesys instrumentation resulted in 1.5°of extension measured in our study, which represented a 35% reduction when compared with the discectomy group and a 36% increase when compared with the PLF group. Segmental extension after dynamic stabilization was approximately half of the motion between the discectomy and the PLF groups.
There are other studies that have attempted to quantify the motion after Dynesys instrumentation in an in vitro setting (Table 4) . Schulte et al. 20 reported 2.0°of SROM after Dynesys stabilization, representing 75% and 68% reductions from the decompressed and intact spines, respectively. Cheng et al. 21 reported 1.3°of SROM after Dynesys stabilization, representing 80% and 75% reductions from the decompressed and intact spines, respectively. The sagittal ROMs in these 2 in vitro studies were tested by use of pure moments (5-6 Nm). In a preclinical evaluation in a primate model, Cunningham et al. 22 showed a reduction in SROM of 27% of the intact motion after Dynesys spinal stabilization in the acute period after surgery, and this reduction increased to 56% and 70% after 6 and 12 months, respectively. In the current in vivo study, there were no significant changes in the SROM over time.
Dynesys instrumentation has been shown to affect segmental motions in the coronal and axial planes. Cheng et al. 21 have noted 2.0°of lateral bending and 4.2°of axial rotation for the index level after Dynesys stabilization, representing 62% and 61% reductions of lateral bending and a 16% reduction and 2.4% increase of axial rotation from the decompressed and intact spines, respectively. Schulte et al. 20 reported 2.2°of lateral bending and 3.3°of axial rotation, representing 72% and 70% reductions of lateral bending and 23% and 15% reductions of axial rotation from the decompressed and intact spines, respectively.
When the clinical data available in the literature are compared, significant differences are seen. Cakir et al. 19 compared the ROM after Dynesys instrumentation with instrumented fusion cases and noted a significant difference between the groups. In the fused group, a decrease in segmental ROM was seen in most cases, whereas in the dynamically stabilized patients, there was no change in the segmental ROM postoperatively. On the other hand, Cheng et al. 21 reported that the ROM after Dynesys stabilization in vitro was not significantly different from that after fixation with rigid rod constructs, although both significantly reduced the mean ROM at the index levels compared with the intact and destabilized conditions. Schmoelz et al. 13 noted that the Dynesys fixation and rigid fixation both reduced the ROM and neutral zone below the magnitude of the intact spine for lateral bending and flexion. In extension, the rigid fixation was stiffer than the Dynesys fixation, with the ROM of the Dynesys fixation being in the range of the intact spine. In our study no significant differences between the dynamic stabilization and PLF groups suggested that the kinematics after dynamic stabilization is not significantly different when compared with rigid fixation under the physiological movements.
The magnitude of segmental motion after dynamic stabilization can be affected by several factors: the external loads applied, the level of motion segment, the length of the spacer, and the measurement techniques. 12 The ROM after dynamic stabilization instrumentation is highly dependent on the size of the spacer among these factors. A 4-mm increase in spacer length led to an average intersegmental motion increase of 23% in extension. In this study we did not assess the effect of the spacer size. Given the small sample size in this study, this analysis could not be performed. In each case distraction was applied before placement of the spacer according to the instrumentation technique.
It is also important to note that this was not a clinical, randomized study and the demographics between the discectomy group and the instrumented groups (PLF and dynamic stabilization) were not similar. This could have had a potential influence on the ROM measures. The discectomy group was on average younger and was treated surgically for alleviation of radiculopathy. The PLF group and dynamic stabilization group were treated for claudication and spinal stenosis. Although we did not categorize the degree of degenerative disc disease, the degree of degenerative disc disease was more prominent in the PLF and dynamic stabilization groups. Finally, there are limitations associated with the RSA technique. Although RSA is very sensitive in measuring motion and displacement after the surgical procedure, it cannot be used to measure preoperative motion. Therefore those values are not available in terms of comparing the sagittal kinematics between groups preoperatively.
Although the statistical power with respect to the clinical scores in this study was low because of the small sample size of each group, both the VAS and the ODI were significantly improved in each group. However, the review of the literature on Dynesys dynamic stabilization shows contradictory results. Schaeren et al.
14 investigated 26 patients with a mean age of 71 years who underwent Dynesys stabilization with minimum 4-year follow-up and showed significant improvements in the pain scale from 80 to 25 and in walking distance from 250 m to greater than 1000 m. Patient satisfaction remained high, and 95% of the individ- uals declared that they would undergo the same operative procedure for the same condition again. On the other hand, Grob et al. 7 reported less favorable 2-year results and a high reoperation rate in 50 consecutive patients with different indications. The mean age of the patients was 50 years, and only half of the patients declared that the operation had helped and had improved their overall quality of life. Kim et al. 10 reviewed 21 patients after Dynesys stabilization. The mean age of the patients was 61 years, and the minimum follow-up period was longer than 4 years. The ODI and VAS were significantly improved and disc heights were maintained at final follow-up in both single-and multiplelevel cases. However, the authors reported retrolisthesis on adjacent segments above index level only in multiple-level patients.
The premise behind dynamic stabilization is to control the spinal motions, to restore physiological load transmission to relieve painful structures and prevent adjacent-segment disease. In this study there were significant differences in immediate postoperative ROM between the Dynesys and PLF groups compared with the discectomy group, and these differences were maintained throughout a 2-year follow-up period. The most preserved motion was extension when compared against the motion after a discectomy procedure. However, there were no significant differences in postoperative ROM between the dynamic stabilization and PLF groups. A future study with a larger cohort is necessary to examine what effect, if any, these motions have on clinical outcomes.
